To clarify the effects of O 2 concentration (cO 2 ) on antioxidant gene expression in human hepatocytes, mRNA expression of HepG2 cells cultured at 1, 3, and 5% cO 2 and atmospheric gas-phase, was measured. The expression of some genes fluctuated depending on the cO 2 in the incubator. This indicates that cO 2 is a critically important factor in the investigation of human biological mechanisms.
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The cell culture method is very important in investigating human biological mechanisms. In fact, many studies related to current medical and biotechnological development are based on evidence from cell culture. The culture condition with 5% CO 2 and atmospheric air (about 20% cO 2 at 1 atm) is frequently used. However, depending on tissues, shapes, and other culture conditions, it is expected that atmospheric cO 2 levels differ from the cO 2 level in vivo. The surrounding partial pressure of O 2 (pO 2 ) can affect hepatocytes in vivo and in vitro. Shimada et al. reported that the hyperoxic condition probably generates reactive oxygen species (ROS), which results in a malignant cycle of ROS production by v-myc myelocytomatosis viral oncogene homolog overexpression. 1) In general, uncontrolled ROS production can result in oxidative damage of cellular components. 2) In that case, antioxidants must modulate the steady-state ROS concentrations, avoiding their potential cytotoxicity while allowing them to function as signal molecules. On the contrary, Kimura et al. reported that vascular endothelial cell growth factor-C (VEGF-C) was markedly enhanced and that the production of VEGF-A increased during hypoxia, and that hypoxic culture caused G1 cell cycle arrest with upregulation of the p15/ink4b and p27/Kip1 genes.
3) The effects of O 2 in vivo are not well understood, yet it has been shown that baseline arterial pO 2 increased from 103 AE 3 mmHg (about 13.6% at 1 atm) to 139 AE 2:3 mmHg (about 18.3% at 1 atm) during hyperventilation, 4) and the base levels of pO 2 in tissues are considered to be about 50 mmHg (about 6% at 1 atm), 5) and venous pO 2 is 15 to 25 mmHg (3% O 2 at 1 atm). 6) Correspondingly, it was reported that the pericellular steady-state pO 2 was <0:2 mmHg in HepG2 or Hep3B (hepatic epithelial cell), although it was maintained in 5% CO 2 .
7) The controlled O 2 level in vivo is a very important factor. Atkuri et al. reported that incubator O 2 levels influenced lymphocyte proliferation through stimulation of mimic antigen presentation. 8) Edward and Utpal demonstrated that the developmentally regulated ROS level in the hematopoietic progenitor of Drosophila sensitizes them to differentiation, and established a signaling role for ROS.
9) Studies on cO 2 and antioxidative enzymes expression of rainbow trout hepatocytes were also reported. But human cells have many more antioxidant enzyme isozymes than rainbow trout hepatocytes, and there is no report on human antioxidant enzymes, such as CuZn superoxide dismutases (CuZnSOD), MnSOD, ECSOD, or glutathione peroxidases 1-4 (Gpx 1-4). The effects of cO 2 on hepatocyte, particularly in humans, needs further information, and hence this study examined the gene expression of antioxidant enzymes and oxygen-response due to cO 2 in the incubator (about 1, 3, 5, and 20%). The HepG2 cells used in this study were derived from human hepatocyte carcinoma. Liver plays many roles such as metabolism of xenobiotic, and ROS production by the xenobiotic metabolism is well known.
10) Hence HepG2 cell was used in this study.
HepG2 (Riken Bioresource Center, Tsukuba) was cultured at 37 C in a humidified culture incubator with 5% CO 2 . Gas-phases with 1-5% cO 2 were controlled by continuous injection of N 2 in a multi-gas incubator BL-40M (Juji Field, Tokyo), as described in a previous paper.
11) After 24 h of incubation under atmosphere, HepG2 divided into four incubation groups at 1, 3, and 5% O 2 -5% CO 2 -N 2 gas or atmosphere for 5 or 48 h. The methods of RNA preparation, competitive reverse transcription-polymerase chain reaction (RT-PCR) and real time polymerase chain reaction (PCR), were described in a previous paper.
11 -13) The primer sequences and method used for assays are listed in Table 1 . Statistical analysis was performed by t-test, using STATview software (SAS Institute Japan Ltd., Tokyo).
There was no difference in ACTB (actin, beta) expression under hypoxia culture. The expression of MnSOD (at 3%) and Gpx2 (at 5%) was significantly y To whom correspondence should be addressed. Tel/Fax: +81-3-5978-5813; E-mail: otsuka.yuzuru@ocha.ac.jp Abbreviations: ACTB, actin beta; cO 2 , O 2 concentration; EC, extracellular; EPO, erythropoietin; G6PD, glucose-6-phosphate dehydrogenase; GPXs, glutathione peroxidases; HIF-1, hypoxia inducible factor-1; OGG1, 8- 
0 -deoxyguanosine; PCR, polymerase chain reaction; pO 2 , partial pressure of O 2 ; ROS, reactive oxygen species; RT-PCR, reverse transcription-polymerase chain reaction; SOD, superoxide dismutases; VEGF, vascular endothelial cell growth factor lower than 20% cO 2 (Fig. 1a-d) . The mRNAs of CuZnSOD and Gpx1 were not different between the groups (Fig. 1e-h ), but the expression of ECSOD and Gpx4 under 5% cO 2 was significantly higher than 20% cO 2 ( Fig. 1i-l) . The mRNAs of CAT and glucose-6-phosphate dehydrogenase (G6PD) showed no significantly difference (Fig. 1m-p) . The expression of 8-oxo-7,8-dihydro2
0 -deoxyguanosine-DNA glycosylase 1 (OGG1) and hypoxia inducible factor-1 (HIF-1) was significantly decreased at 3 and 5% cO 2 , but VEGF did not changed (Fig. 1q-v) . The mRNA levels of erythropoietin (EPO) (Fig. 1w, x ) under 3 and 5% cO 2 significantly increased, to about 2-5 times that under the atmospheric condition. The mRNA expression of some genes at 1% cO 2 was measured. The expression of CuZnSOD, MnSOD, Gpx1, Gpx3 (Fig. 2a-f) was decreased significantly at 1% cO 2 . HIF-1 and Gpx2 were also decreased significantly (data are not shown). On the other hand, the expression of EPO and VEGF was significantly increased at 1% cO 2 . The expression of CAT, G6PD, and ECSOD did not change significantly (data not shown).
mRNA expression of antioxidant enzymes and hypoxia inducible factors diversely fluctuated with the O 2 level in the incubator. The cO 2 in the culture medium might modulate intracellular redox through the biosensor of the cells. Although there was no significant difference in cell growth between 5% cO 2 and atmosphere after 48 h of incubation (data not shown), we examined mRNA expression after 5 h of incubation under 1% cO 2 , because it has been found that 24 h of exposure to 1% cO 2 induces apoptotic changes in about 30-40% of cells. 14) As to expression, MnSOD, CuZnSOD, Gpx1, and Gpx3 in 1% cO 2 decreased significantly. The Gpx2 (in 5% cO 2 ) and MnSOD (in 3% cO 2 ) expression also decreased significantly. Regardless of the antioxidant enzyme, ECSOD significantly increased at 3-5% cO 2 . This result might have to do with the localization of SODs. Mammalian cells possess three distinct forms of SODs: ECSOD, present in the extracellular spaces, MnSOD, found exclusively in the mitochondria, and CuZnSOD, located in the cytoplasm. 15, 16) Among these, ECSOD is the principal enzymatic antioxidant in extracellular spaces.
17) It protects mammals against superoxide, and increases under strong hypoxia, 18) as with our results. Moreover, previous researches have reported that genetic disruption of ECSOD decreases the survival time of mice exposed to high O 2 tension, 19) and that ECSOD functions as a major repressor of hypoxia-induced EPO expression, which implicates superoxide as a signaling intermediate, perhaps mediated by HIF-1. 20) Therefore, ECSOD may play both antioxidant and hypoxia inducible factor, having sensors for hypoxia. It may suppress the increased EPO expression under 3 and 5% cO 2 . In our results, the EPO expression in 1-5% cO 2 was 2-5 times higher than that under atmosphere. These results imply that EPO expression was readily sensed and responded to alteration in cO 2 . EPO is the major hormonal signal involved in the hypoxia-induced response, 21) and the mRNA of EPO markedly increases under hypoxia. 22) Benohr et al. reported that EPO expression increased under 1% cO 2 in HepG2. 23) This indicates that the O 2 level in vivo is one of the key factors for differentiation of hematopoietic progenitors. MnSOD, CuZnSOD, Gpx1, and Gpx3 under 1% cO 2 decreased significantly. Gpx2, Gpx4 (in 5% cO 2 ), and MnSOD (in 3% cO 2 ) expression also decreased significantly. Under hypoxia, protein synthesis is down-regulated because of low ATP synthesis due to lack of oxygen, which might also result in down-regulation of the SODs and Gpxs in our study. HIF-1, whose expression significantly decreased under 3 and 5% O 2 in our experiment, is a transcriptional activator binding to the enhancer of EPO. It was reported that HIF-1 was induced in Hep3B cells after 1-2 h of exposure under 1% cO 2 , but fell after 4 h. 24) Thence the response of HIF-1 to cO 2 may be more complicated than EPO. On the other hand, OGG1 mRNA under atmosphere was higher than under 3 or 5% cO 2 . OGG1 repairs 8-oxo-7,8-dihydro2 0 -deoxyguanosine (8-oxodG) lesions in human cells. 25) 8-OxodG in DNA is a sensitive marker of ROS-induced DNA damage, 26, 27) and is repaired primarily via the DNA base excision repair pathway. 28) When ROS generation increases due to higher cO 2 in the surroundings, the mRNA of OGG1 might increase through the signaling due to ROS. Sonna et al. 29) have reported that VEGF expression of HepG2 under 1% cO 2 increased to 13 times of that under atmosphere due to a gene chip. In the present study, VEGF expression also increased, by 2-fold, under 1% cO 2 . Our results imply that the cO 2 level influenced the expression not only of oxygen-response genes but also of antioxidant enzymes. The association of hypoxia with cancer is bidirectional: tumors typically exist at low oxygen levels that lead to a hypoxia response, and mutations that cause an inappropriate hypoxia response can lead to cancer. 30) In our study, it is not clear yet that 1, 3, and 5% cO 2 in the incubator represents hypoxia for HepG2. It appears that the energy synthesis necessary 5 cells/dish) were cultured at 37 C in a incubator for 24 h under atmosphere, and then divided into three incubation groups (n ¼ 4) of 3, 5, and 20% O 2 (with 5% CO 2 , and N 2 gas or atmosphere) for 48 h. The primer sequences for PCR and the method used in the assays are described in Table 1 . The values for the target genes were calibrated by that of ACTB. The data were analyzed for statistical significance by Dunnet's t-test, using STATview software (SAS Institute Japan Ltd., Tokyo). Significance, Ã p < 0:05, and ÃÃ p < 0:01.
for proliferation is mediated by the supplied cO 2 .
31) It should be investigated whether these responses of cancer cells are shown by normal cells in vivo. C in a incubator for 24 h under atmosphere, and then divided into two incubation groups (n ¼ 4) of 1 and 20% O 2 (with 5% CO 2 , and N 2 gas or atmosphere) for 5 h. The primer sequences for PCR and the method used in the assays are described in Table 1 . The values of target genes were calibrated by that of ACTB. The data were analyzed for statistical significance by Dunnet's t-test, using STATview software (SAS Institute Japan Ltd., Tokyo). Significance, Ã p < 0:05, and ÃÃ p < 0:01.
